High redshift blazars are an important class of Active Galactic Nuclei (AGN) that can provide an independent estimate of the supermassive black-hole mass function in high redshift radioloud AGN without the bias due to absorption along the line-of-sight. Using the Cosmic Lens All Sky Survey (CLASS) we built a complete radio flux-limited sample of high redshift (z>4) blazars suitable for statistical studies. By combining dedicated optical observations and the SDSS spectroscopic database, we obtained a sample of 26 blazar candidates with a spectroscopic redshift above 4. On the basis of their radio spectrum we distinguish between blazars and QSO with a Gigahertz Peaked Spectrum (GPS) like spectrum. Out of the 18 confirmed blazars 14 constitute a completely identified, flux-limited sample down to a magnitude of 21 (AB). Using this complete sample we derive a space density of blazars with 4<z<5.5 of ρ=0.13
INTRODUCTION
Supermassive black holes (SMBH) are the result of the evolution of the mass inflow towards the nuclear region of galaxies across cosmic time (Merloni 2016 for a recent review). A fundamental question is how the observed local population of SMBH can be traced back to the original seeds through different phases of growth, identified by the intense nuclear accretion activity (AGN). High redshift AGN surveys represent the best tool to provide observational constraints to current theoretical models of SMBH formation (e.g. Volonteri 2010; Valiante et al. 2017) . New surveys planned for the next decades will play a fundamental role in this field by selecting thousands of high-z AGN. However, obscuration from circumnuclear matter is expected to introduce selection biases that are difficult to quantify (see e.g. McGreer et al. 2006; Zeimann et al. 2011; Vito et al. 2018 ). Radio selections, like those that will be carried out with Square Kilometre Array (SKA) or with its precursors (e.g. see Norris et al. 2011) , can provide a less biased census of high-z AGN (at least of the radio-loud fraction) since radio wavelengths are unaffected by absorption. This is true, however, only if the selection of the high-z radio sources is not based on the colours of the optical counterparts otherwise the usual biases against absorbed AGN will be present also in these samples.
A complementary approach has been recently proposed (Volonteri et al. 2011; Ghisellini et al. 2014; Sbarrato et al. 2015) based on the class of blazars, i.e. radio-loud AGN whose relativistic jet points towards the observer (Urry & Padovani 1995) . The particular orientation of these sources makes obscuration less important, since the jet is expected to clear out the path along the line-of-sight to the active nucleus and the dusty torus should not intercept the radiation. Another advantage of studying blazars is that their compact radio emission is less affected by the attenuation due to the interaction of radio photons with the Cosmic Microwave Background (CMB) if compared to the mis-aligned, lobe-dominated radio-loud AGN (e.g. see Ghisellini et al. 2015 , Wu et al. 2017 . The space density of the entire population of radio-loud AGN can then be inferred indirectly from the observed number of blazars since we expect: N total =N blazars × 2Γ 2 , where Γ is the Lorentz factor of the bulk velocity in the jet (typically, Γ ∼10-15, e.g. Ghisellini et al. 2014) .
The use of blazars to study the high redshift Universe requires the selection of well-defined and sizable samples suitable for reliable statistical analyses. Sbarrato et al. (2013) used a systematic approach to select a well-defined sample of high-z blazars starting from the z>4 QSO present in the SDSS (DR7) and considering only the most radio-loud ones that are expected to be mostly blazars. The recognition of the actual blazars in the sample is in progress. With this approach, Sbarrato et al. (2013) are building up an optically selected sample of blazars whose completeness is related to the actual completeness of the starting data set (the SDSS DR7 spectroscopic database).
Here we present an alternative (and complementary) approach aimed at building a radio-flux limited sample of high-z (z>4) blazars to be directly comparable with radio samples selected at lower redshifts. We do not limit our search to the SDSS sky area and to the already available spectroscopic identifications. The starting point is the CLASS (Cosmic Lens All Sky Survey, Myers et al. 2003; Browne et al. 2003) , a flux density limited survey at 5 GHz (S 5GHz >30 mJy) covering almost the entire northern hemisphere (∼16300 deg 2 ) and that contains ∼11,000 flat spectrum radio sources. The goal is to create the largest radio-selected sample of bona-fide high-z blazars to be used for statistically-sound studies. Since blazars have flat radio spectra, this survey represents the ideal starting point for an efficient selection. CLASS is also deep enough to allow the detection of powerful (∼10 27 W Hz −1 ) blazars at z=5-6. Using existing spectra (mostly from SDSS) plus dedicated observing runs at 4-10 meter class telescopes we have now completed (at 95% level) the identification of the sample down to a well defined optical magnitude (21) in a filter corresponding to a rest-frame ∼1200-1400Å wavelength range (i.e. either r, i or z filter depending on the redshift of the source.)
In this paper we present this sample together with a first estimate of the space density of blazars in the 4-5.5 redshift bin. In Section 2 we discuss how the sample has been selected while in Section 3 we present the spectroscopic follow-up that we have recently carried out to complete the identification of the high-z candidates. The completeness of the sample is studied in Section 4. We then use (Section 5) the radio spectral indices over a wide range of frequencies, from 150 MHz up to 8.4 GHz, to distinguish between genuine flat-spectrum radio sources from steep spectrum objects or sources with a peaked spectrum. We finally derive the volume density of blazars versus redshift (between 4 and 5.5, Section 6) and compare it with the predictions based on samples selected at lower redshifts (Section 7). Conclusions are reported in Section 8.
Throughout the paper we assume a flat ΛCDM cosmology with H 0 =70 km s −1 Mpc −1 , Ω Λ =0.7 and Ω M =0.3. Spectral indices are given assuming S ν ∝ ν −α .
THE CLASS SAMPLE OF HIGH-Z AGN CANDIDATES
CLASS is a flux limit survey at 5 GHz of flat spectrum radio sources, covering most of the northern sky (16300 deg 2 ). It was built by combining the NRAO VLA Sky Survey (NVSS), at 1.4 GHz (Condon et al. 1998) , with the Green-Bank Survey, GB6, at 5 GHz (Gregory et al. 1996) and by selecting only the objects with a flat spectrum between 1.4 and 5 GHz (α <0.5, with f ν ∝ ν −α ). All the selected sources have been then followed-up at 8.4 GHz using the Very Large Array (VLA) in its most extended configuration (A-array) providing a resolution of ∼0.2 ′′ . The VLA follow-up provided not only a flux density at relatively high frequency but also a very accurate (sub-arcsec) radio position. CLASS represents the ideal starting point for an efficient selection since blazars have flat radio spectra. In addition, the availability of radio positions with uncertainties below a fraction of arcsecond guarantees the detection of the correct counterpart, even at faint optical magnitudes, without significant spurious contamination. In particular, we use a search radius of 0.6 ′′ to find the optical counterpart of the CLASS sources.
First searches for high-z AGN from the CLASS survey started more than 15 years ago using the relatively shallow optical data available at that time (e.g. Snellen et al. 2001 ). Thanks to the recent release of the Panoramic Survey Telescope and Rapid Response System (Pan-STARRS1, PS1) survey (Chambers et al. 2016) , we have now an almost complete coverage of relatively deep photometric data in five bands (g, r, i, z and Y). Besides PS1 data we have also a complete coverage at mid-Infrared wavelengths from the Wide-field Infrared Survey Explorer (WISE, Wright et al. 2010) . We use all these photometric data to select high-z (z>4) AGN candidates in CLASS through the detection of the drop in the continuum flux when the Lyα forest and the Lyman limit systems enter a photometric filter (dropout method). This effect produces a very red colour between two filters, typically g−r, r−i or i−z (for the range of redshift between 4 and ∼6, considered here). In order to obtain the highest level of completeness we require that the g−r, r−i or i−z are larger than 1.1. This threshold is suggested by the expected colours of a typical QSO template (see Fig. 2 ) and it has been set so as to include the large majority (>99%) of the z>4 QSO discovered to date, as shown in Fig. 2 .
A common contaminant for this type of selection are the dwarf stars. Usually, to minimize the inclusion of these contaminants it is often imposed an additional constraint on the colours of the source. For instance, for a g-dropout object it is usually required a blue color between r and i-filters, while for an r-dropout source it is required a blue i-z (e.g. see Fan et al. 2000 , Fan et al. 2003 . However, this can introduce some incompleteness in the selection. Therefore, we decided not to apply such a constraint also supported by the fact that a radio selection excludes, by definition, the contamination from stars. The most important type of contamination in the case of a radio selected sample are low redshift (z∼1-2) "red" (i.e. moderately absorbed) AGN. This contamination can be kept at minimum using mid-IR data from WISE since lowredshift red AGN typically have stronger ∼3 micron (observer's frame) emission (W2 magnitude) than high redshift objects with the same magnitude in the z-filter. In particular, we impose that the object is either undetected in WISE (W2) or, if detected, we require that z−W2<5
1 . This threshold, which is very similar to the one adopted by Carnall et al. (2015) to search for high redshift QSO (z−W2<4.5), includes virtually all the known high-z QSO (see Fig. 2 ) Finally, we require that the source is star-like (psf magnitude−kron magnitude<0.05, see Chambers et al. 2016) and that the magnitude in the reddest filter of each selection (i.e. r magnitude for g−r selection, the i magnitude for the r−i selection and Figure 1 . Summary of the criteria adopted to select high-z candidates from the CLASS survey (see text for details) the z magnitude for the i−z selection) is brighter than 21. This last constraint guarantees that the dropout is significant when the object is not detected in the bluest filter. The fact that the magnitude limit (AB system) is the same in the three selections simplifies the statistical analysis of the sample since it corresponds to a uniform threshold in the rest-frame wavelength interval of ∼1200-1400Å for all the selected objects. To reduce the number of possible spurious optical counterparts we further restricted the search area to the high Galactic latitudes (| b II | 20deg). The adopted selection criteria are summarized in Fig. 1 .
After this selection we inspected the high-z candidates and removed all the problematic cases (i.e. sources close to bright stars and/or with photometric problems). The complete list of high-z candidates selected in CLASS is presented in Tab. 1. This list includes 37 objects out of which 25 have either a spectroscopic redshift from the literature or an available optical spectrum in the Sloan Digital Sky Survey (SDSS) catalogue. Nearly all the objects with an identification or an optical spectrum from SDSS are high-z QSO with z above ∼3 except for 1 BL Lac object (GB6J154929+170853) that is probably at z∼1.2, based on a tentative detection of MgIIλ2798Å (z∼1.25) and CIII]λ1909Å (z∼1.16) 2 . In any case, the optical spectrum of GB6J154929+170853 is clearly "blue" with no obvious signs of dropout. In the SDSS (DR13) catalogue the g−r is much lower (∼0.4 mag) than what is reported in the PS1 catalogue (>4). This is likely a case of problematic photometry in the PS1. The remaining 12 selected candidates needed a spectroscopic follow-up. To this end, we carried out dedicated observations at Large Binocular Telescope (LBT) and at the Telescopio Nazionale Galileo (TNG) as detailed in the following section.
THE SPECTROSCOPIC OBSERVATIONS
During 2017-2018 we have carried out dedicated spectroscopic observations of the high-z blazar candidates of CLASS using the Large Binocular Telescope (LBT) and the Telescopio Nazionale Galileo (TNG). In the following, we give some detail on these observing runs. The new spectroscopic identifications collected at these telescopes are reported in Tab. 1
Large Binocular Telescope (LBT). LBT has a binocular design with two identical 8.4 meter telescopes and it is located on Mount Graham, Arizona (US). For our project, we used LBT coupled to the Multi-Object Double Spectrograph (MODS , Pogge et al. 2010 ). The observations were taken during the period November 2017-May 2018 with the red grating (G670L, 5000-10000Å) and using slit widths of 1-1.2 ′′ . Data reduction was performed at the Italian LBT Spectroscopic Reduction Center through scripts optimized for LBT data. Each spectral image was independently bias subtracted and flat-field corrected. Sky subtraction was done on 2D Figure 2 . Diagnostic diagrams used to select z>4 candidates from CLASS. We plot three different PS1 colours (g-r, r-i and i-z) versus mid-IR colours (z-W2), computed between PS1 z-filter and W2 filter of WISE at 4.6 micron (note that magnitudes from PS1 are in AB systems while W2 magnitudes are in Vega system). Red points are the CLASS objects that fulfill the selection criteria. Grey points show all the CLASS sources with a star-like PS1 counterpart and detected in WISE. Green-points are the high-z quasars from the literature (including radio-quiet ones). In particular, they are quasars at 4< z <4.5, at 4.6< z <5.5 and at 5.6< z <6.5 respectively in the three panels. For clarity, error-bars are plotted only for the selected high-z candidates. For reference, we also plot the paths (blue lines) of the QSO template from Polletta et al. (2007) for redshifts ranging from 0 up to the maximum values indicated in each panel by steps of 0.5. The template has been absorbed for the neutral hydrogen scattering in the inter-galactic medium along the line-of-sight at z=4, 4.5 and 5, respectively in the 3 panels, using the transmission curve from Songaila (2004) . Finally, the blue boxes indicate the regions used to select the candidates.
extracted, wavelength calibrated spectra with a fit. Wavelength calibration was obtained from spectra of arc lamps (rms=0.08Å on MODS1 and 0.1Å on MODS2), while flux calibration was achieved from observations of a spectro-photometric standard.
Telescopio Nazionale Galileo (TNG). The TNG telescope is a 3.58-meter telescope located in the island of San Miguel de La Palma (Spain). We carried out the observations in March and in May 2018 using DOLORES (Device Optimized for the LOw RESolution) which is a focal reducer instrument installed at the Nasmyth B focus of the telescope. We used the LR-R/LR-B grisms and a long-slit with a width between 1 ′′ and 1.5 ′′ , depending to the actual seeing conditions, oriented along the parallactic angle. For the data reduction we have used the IRAF longslit package. The spectra have been wavelength calibrated using Ar, Ne+Hg, Kr reference spectra. The flux calibration was obtained by observing a spectrophotometric standard.
In total, we observed all the 12 sources without a spectroscopic redshift. In 10 cases the data were good enough to obtain a firm classification and redshift while for 2 sources the signal-tonoise is too low and they should be considered still unidentified.
In nearly all cases the sources are confirmed high-z AGN (z>3) although not all have a redshift above the adopted threshold (z=4). In one case (GB6J010135+153845), instead, the redshift is significantly lower than expected (z=1.5). This was the only i-dropout candidate for which we predicted a very high redshift (z∼5.5-6.5). The optical spectrum, instead, shows a broad emission line at λ=7075Å that can be identified as the MgIIλ2798Å, leading to a redshift of 1.53. The continuum emission does not show any obvious dropout between the i and z band contrary to the value re- column 1: name; column 2: CLASS (QSO=broad emission line AGN; BL=BL Lac object); column 3: redshift (":"=tentative redshift); column 4: radio (8.4 GHz, VLA-A array) position (J2000.0) column 5: PS1 magnitude in the reddest filter of the dropout (i.e. r-filter for g-dropout sources, i-filter for r-dropout sources, z-filter for i-dropout sources; column 6: type of dropout; column 7: dropout value; column 8: z-W2; column 9: reference for the optical spectrum (or to the spectroscopic identification): (1)=SDSS DR12, (2)=Stern et al. (2000), (3) ported by the PS1 catalogue (i−z=1.47±0.07 mag). Very likely this a fake dropout due to some errors in the PS1 magnitudes. Notably, with these observations we have found two new z 5 AGN thus doubling the number of AGN in this redshift bin present in the CLASS sample. As described in Section 5, both objects have a radio spectrum that confirms their blazar nature. Therefore, they constitute a significant addition with respect to the total number of blazars at z above 5 discovered so far (4 in total, see also Belladitta et al. in prep) . One source (GB6J164856+460341), in particular, has a redshift of 5.38 and it represents the second most distant blazar discovered so far (the highest being at z=5.47, GB6J090631+693027, Romani et al. 2004 ).
We have not found, instead, high redshift featureless blazars (i.e. BL Lac objects) even though our selection is potentially sensitive also to these objects. This lack of high-z BL Lac is likely due to their peculiar cosmological evolution (very weak or even negative, see e.g. Ajello et al. 2014 and references therein) that makes their detection at high redshifts very unlikely. In the following, with the term "blazar" we will always indicate the QSO-like blazars (often called flat-spectrum radio quasar, FSRQ) due to the lack of featureless blazars at high redshifts.
In total, considering both the new identifications and those from the literature or from the SDSS, we have 20 QSO with z 4 among the 37 candidates selected with the dropout method. Only two objects (5%) are still unidentified. Six sources are in common with the sample of high-z blazar candidates selected by Sbarrato et al. (2013) .
All the optical spectra of the z 4 objects observed at LBT and TNG or with an optical spectrum from SDSS are reported in Fig. 3 . A detailed analysis of these data is in progress. In particular, we are measuring the line widths and luminosities of the most important emission lines, like Lyα, CIVλ1549Å and CIII]λ1909Å (when observed) with the final goal of obtaining a reliable estimate of the mass of central SMBH and of the accretion rate.
The redshift distribution of all the z 4 objects in CLASS is reported in Fig. 4 .
COMPLETENESS OF THE SAMPLE
As described in the previous section, the identification level of the sample is very high (95%). It is possible, however, that some high-z objects are missed by our selection. To check the completeness of our sample we have searched through the literature and in the SDSS spectroscopic database for high-z AGN among all the ∼11,000 CLASS sources, independently from their photometric colour, magnitude or sky position. We found 6 additional z>4 QSO (see Table 2 ). Two of them were not selected because they have a low Galactic latitude (|b II | <20 deg) while other 3 objects have a magnitude fainter than the adopted limit 3 . Only one source (GB6J153533+025419) is not recovered because it does not show a significant dropout (g−r=0.79 ±0.07) and, therefore, it can be considered as missed from our selection 4 . This confirms that our selection method is highly complete for z>4 since it recovers nearly all (13/14) the already known high-z AGN in the sample. We note, instead, that for slightly lower values of redshift, the completeness level drops significantly: in Fig. 5 we show the fraction of highz AGN (with mag<21) from the literature or from SDSS DR12 that are present in CLASS (and in the sky area considered for the complete sample) and that are correctly recovered by our selection. While most (95%) of the z>4 objects are recovered, for redshifts below 4 this fraction decreases significantly, being around 25% for 3.6<z<4 and below 5% for 3<z<3.6.
We define as complete sample, the one defined at high Galactic latitude (|b II | >20 deg) and at a magnitude limit of 21 (in r, i or z filter depending on the redshift of the source, as described in Section 2). This sample is composed by the 20 z 4 of Table 1 plus the additional object (GB6J153533+025419) present in Table 2 .
Impact of variability on the sample completeness
Blazars are variable sources. Variability can potentially affect the completeness of the CLASS sample which was built using nonsimultaneous radio data. Variability can in fact make an intrinsically flat spectrum variable source to appear as a non-flat spectrum object depending on when fluxes have been measured in relation to the activity phase.
In order to estimate the importance of variability at radio frequencies we have first compared the flux densities at 1.4 GHz computed in the NVSS and in the Faint Images of the Radio Sky at Twenty-cm (FIRST, Becker, White & Helfand 1995) surveys that 3 One of the objects (GB6J160608+312504) presents also a large opticalto-radio offset (1.22 ′′ ), significantly larger than typical radio (and optical) error uncertainty. In addition, an optical spectrum of this source is not available in the literature and in the CGRaBS catalogue (Healey et al. (2008) ) the redshift is given as uncertain. We therefore consider this identification unreliable 4 In the SDSS this source has a higher dropout value (g−r=1.18) that would have allowed its inclusion in the sample. This suggests that the low dropout value observed in PS1 can be related to some photometric problem in PanSTARRS have been carried out at different epochs. Since all CLASS objects at z>4 are compact at both FIRST and NVSS resolution, any observed difference in the flux densities can be attributed to source variability and not to the different instrumental resolutions. From this comparison we have estimated a rms flux variability of ∼14%. We then used numerical simulations to evaluate the impact of this variabilty on the final completeness of the sample. Assuming a flat distribution of radio spectral indices between -0.5 and +0.5 we found that about 6% of intrinsically flat-spectrum sources could have been missed due to variability, i.e. ∼1-2 objects. Using a gaussian distribution of the spectral indices centered at α=0 would produce an even smaller percentage of missing sources due to variability.
An independent way to estimate this effect is to use the flux densities available at other frequencies for the CLASS sources to derive independent estimates of the (non-simultaneous) spectral indices and to count the fraction of sources with α >0.5. Using the spectral indices between 150 MHz and 1.4 GHz, described in Section 5.1, we have 1 object with α >0.5 (See Fig. 6 ). Using, instead, the indices between 1.4 GHz and 8.4 GHz, we have 2 sources (among the confirmed blazars, see discussion in the next section) with α >0.5. This is fully consistent with the results of our simulations. Even if small, we will consider the impact of this potential incompleteness on the derivation of the space densities that will be presented in Section 6.
Variability could, in principle, have an impact also on the optical selection of the high-z candidates since different levels of non-thermal radiation from the beamed jet can modify the optical colours of the source. However, unlike featureless blazars, FSRQ typically have most of the UV/optical emission produced by the accretion disk/broad line region while the emission from the relativistic jet is relatively less important at these wavelengths. This seems to be particularly true for high-z blazars, as discussed, for instance by Ghisellini et al. (2010) . Therefore, we expect that variability in the optical band has an even lower impact on the completeness of the CLASS sample compared to that at radio wavelengths.
RADIO SPECTRAL SHAPES: GPS VS FLAT-SPECTRUM SOURCES
By definition, CLASS contains sources with a flat radio spectrum between 1.4 and 5 GHz (observed frame). For this reason, CLASS should preferentially select blazars although sources that do not have a genuinely flat spectrum across the entire radio band could be also included. The main contamination is that from AGN whose radio spectrum peaks at high-frequencies. These objects, usually called GigaHertz Peaked Spectrum (GPS) sources (O'Dea 1998), appear compact at arcsecond resolution and with an apparent flat radio spectrum simply because we are observing the self-absorbed part of the radio spectrum. These are intrinsically small radio-sources, possibly because of their young age. Interestingly, radio-loud AGN at high redshift often show these characteristics (Frey et al. 2003; Frey et al. 2005; Coppejans et al. 2016; Coppejans et al. 2017) . At m.a.s. scales the emission is usually resolved, often showing a Compact-Symmetric Objects (CSO) morphology, i.e. a small scale version of a radio-galaxy with lobes, hot-spots, jets and relatively weak cores. This is an indication that the relativistic jet is mis-aligned with respect to the observer. Examples are J2102+6015, at z=4.57 (Frey et al. 2018) , J1606+3124, at z=4.56 (Coppejans et al. 2017 ) and J1427+3312, at z=6.12 (Frey et al. This table includes other z>4 QSO present in the CLASS survey that have not been selected mostly because they have a low Galactic latitude or because they have magnitude below the adopted limit. Only one object (in bold face) is missed by the selection because of a low dropout value. This should be considered as part of the CLASS sample of high-z blazar candidates since it falls in the sky area considered for the selection and it has a magnitude brighter than the limit. 2008, Coppejans et al. 2016) . It is important to note, however, that this is not always true: the source J0906+6930 at z=5.47 shows a clearly peaked radio spectrum (Coppejans et al. 2017 ) with a turnover frequency of 6.4 GHz corresponding to 41.4 GHz in the source rest-frame. At the same time, Very Long Baseline Interferometry (VLBI) data found evidence of Doppler boosting (Zhang et al. 2017 , Frey et al. 2018 , which was further supported by the study of radio variabilty (Liodakis et al. 2018 ) and of the SED (An & Romani 2018 ). These results suggest that J0906+6930 is a GPS source likely oriented towards the observer. Indeed, this is considered the highest redshift blazar discovered so far (Romani et al. 2004 ). Therefore, the simple observation of a peaked radio spectrum does not firmly exclude the presence of beaming. In order to distinguish between truly flat spectrum sources from GPS it is important to extend the analysis of the radio spectrum at higher and lower frequencies to detect possible hints of spectral curvature. If a source is a GPS we expect that the radio spectrum, sampled in a broad range of frequencies, will not be well represented by a single power-law. In this case we expect that the two-point spectral index computed at very high frequencies would appear steeper than the one computed at lower frequencies (convex spectrum).
The analysis of the radio spectral shape of CLASS high-z sources is presented in the following section.
Low-frequency data from TGSS
In order to cover the widest range of frequency, we have used the recently released TGSS survey (TIFR GMRT Sky Survey, Intema et al. 2017 ) which is carried out at 150 MHz with the Giant Metrewave Radio Telescope (GMRT), and the high frequency data at 8.4 GHz, taken at VLA in A-configuration, that are available for the CLASS objects. For the range of redshift considered here, the TGSS survey covers the source rest-frame frequency of 0.85 GHz (at the average redshift of the sample, z=4.5) while the 1.4 GHz and 8.4 GHz flux densities correspond, respectively, to 8 GHz and 46 GHz. Therefore, a spectral index computed by combining TGSS data with flux densities at 1.4 GHz (from NVSS) gives us indications of the spectral slope between ∼0.85 and 8 GHz i.e. in a range similar to that considered using NVSS and GB6 data for local sources. The indices computed between 1.4 GHz and 8.4 GHz, instead, correspond to a high frequency (8-46 GHz) range.
The current data release of TGSS (ADR1) covers 90% of the sky (36,900 deg 2 at declination greater than -53deg) at an rms of 5 mJy beam −1 and with a resolution of 25 ′′ ×25 ′′ (in the northern hemisphere). Out of the 26 high-z sources in the CLASS complete sample, 17 are present in the TGSS catalogue. For the remaining objects we have analysed the TGSS images and looked for a detection at lower significance. We found a detection (at least 2σ) in 7 out of the 9 objects not included in the TGSS source catalogue. For the two undetected objects we consider an upper limit of the 150 MHz flux density of 15 mJy = (3×rms).
In Fig. 6 we show the spectral indices between 150 MHz and 1.4 GHz compared to the indices between 1.4 GHz and 8.4 GHz. It is important to note that these spectral indices are computed using non-simultaneous data. Variability can affect the spectral classification into blazars and GPS-like objects as shown, for instance, by Orienti, Dallacasa & Stanghellini (2007) . On Fig. 6 we plot the expected spread (90% confidence level) on the 1:1 relation assuming an rms variability of 14%, estimated in the previous section, and assuming that variability is similar at all frequencies. Sources that are distant from the shaded area have a spectrum that is likely not well represented by a single power-law.
From Fig. 6 we see that 18 objects fall within the shaded area around the 1:1 relation (or they are consistent with it considering the error bars) thus suggesting that their spectrum is well represented by a flat power-law in a wide range of frequencies (between 150 MHz up to 8.4 GHz, corresponding to ∼1-50 GHz rest-frame), without significant curvatures.
In 8 cases, instead, the α 1.4 , typical of GPS-like sources (convex spectrum). The most striking one is GB6J160608+312504 whose limit on α 1.4 0.15 is significantly different from the slope measured between 1.4 GHz and 8.4 GHz. This object is known to have a spectrum peaking at 2.6 GHz (Coppejans et al. 2017 ), corresponding to 14.4 GHz in the source rest-frame. VLBI observations suggest a Compact-Symmetric Objects (CSO) morphology (Coppejans et al. 2017) . Another object that lies below the 1:1 relation in Fig. 6 is GB6J090631+693027, which, again, has been classified by Coppejans et al. (2017) as GPS (see discussion above).
In Tab. 3 we report the radio spectral type ("Flat"/"Peaked") as derived from the analysis of Fig. 6 . In summary, 18 out of 26 high-z sources in CLASS (14 in the complete sample) have a spectral index between 0.15 and 1.4 GHz consistent with the index between 1.4 and 8.4 GHz (considering the possible variability) i.e. they have a genuine flat radio spectrum on a wide range of frequencies, between 150 MHz up to 8.4 GHz, corresponding to 0.83-46 GHz in the sources' rest-frame (at the average redshift of the sample). This strongly supports the idea that these are beaming dominated objects and, therefore, likely observed at relatively small angles.
For the remaining objects the situation is less clear since we have indications for a significant change of shape which may suggest a GPS nature. These sources could be mis-aligned AGN although we cannot completely exclude their blazar nature, as in the case of J0906+6930 (GB6J090631+693027). It is interesting to compare these numbers with the ones discussed in Coppejans et al. (2017) who studied the radio spectral shapes of a sample of 30 high-z (z>4.5) radio-loud AGN selected at 1.4 GHz. They grouped the sources into 3 classes: flat-spectrum (blazar) objects, steep-spectrum objects and sources with a peaked radio spectrum. They found that the three classes are almost evenly populated. In CLASS, where the selection is made at higher frequencies (5 GHz) and where steep spectrum objects have been excluded by definition, we found that the majority (at least 69%) of the objects are truly flat-spectrum object over a wide range of frequencies. This result supports the strategy of using a 5 GHz selection, coupled to the constraint on the spectral slope between 1.4 and 5 GHz, to efficiently select a sample of high-z blazars. In contrast, in a radio selection carried out at lower frequencies (e.g. 1.4 GHz) and without any constraint on the radio slope, the blazar selection efficiency falls down to ∼30%.
Low-frequency data from GLEAM
In the analysis presented in the previous section we have inferred the radio spectral shapes on the basis of the comparison between the slopes computed between two frequencies. This approach was imposed by the limited amount of data points available for each object. In some cases, however, we can carry out a proper spectral analysis thanks to the availability of several (simultaneous) data points taken from the GaLactic and Extragalactic All-sky MWA (GLEAM) survey (Hurley-Walker et al. 2016). GLEAM is a lowfrequency radio survey carried out with Murchison Widefield Array Figure 5 . Fraction of know radio-loud AGN (from the literature or from the SDSS) that are recovered by our selection versus redshift. We are considering only the objects that fall in the area of sky that has been used to define the CLASS sample.
(MWA), the low-frequency Square Kilometre Array (SKA1 LOW) precursor located in Western Australia. The first release of the extragalactic catalogue covers the entire high Galactic latitude (>30 • ) column 1: name (in bold-face the sources belonging to the complete sample); column 2: flux density at 150 MHz from TGSS; column 3: flux density at 1.4 GHz from NVSS; column 4: flux density at 8.4 GHz from CLASS; column 5: spectral index between 150 MHz and 1.4 GHz; column 6: spectral index between 1.4 GHz and 8.4 GHz; column 7: spectral type. The symbol ":" indicates that radio spectral classification is uncertain.
sky south of +30
• of declination (24,831 square degrees), excluding some areas such as the Magellanic Clouds. The catalogue contains flux density measurements in 20 separate intervals between 72 and 231 MHz with a flux density limit (90% completeness) of 170 mJy. It should be noted, however, that the limited resolution (∼ 100 ′′ ) of the telescope may affect the spectral analysis if strong, nearby sources are present.
In total, 7 CLASS high-z sources are currently detected in GLEAM, out of the 16 objects falling in the sky area covered by the survey. In Fig. 7 we show the wide band radio spectra, from 72 MHz up to 8.4 GHz, of these seven sources. In particular, we report the integrated flux densities from the GLEAM catalogue. We fitted all the photometric points with a simple power-law to check the actual radio spectral slopes. Overall, the radio spectra computed on a wide range of frequencies are flat (α <0.5), confirming the classification previously derived using TGSS and high-frequency data. Only in one case (GB6J153533+025419) there are hints for a steepening at low frequencies (below 80-100 MHz, corresponding to 400-550 MHz in the sources'rest frame) probably indicating the presence of extended, non-beamed radio emission.
Overall, the spectral analysis of the few CLASS objects with data from GLEAM supports the results obtained in the previous section, based on few, non simultaneous, data points giving us confidence on the reliability of our radio spectral classification.
SPACE DENSITY OF HIGH REDSHIFT BLAZARS
Thanks to its completeness the CLASS sample can be used to derive the space density of blazars above z=4. In particular, we can compute the space density of blazars with a radio power at 5 GHz between 10 27 -1.3×10 28 W Hz −1 , which is the observed range of luminosities. The complete sample contains 21 objects with redshift between 4 and 5.4. Fourteen have been classified as blazars, as discussed in the previous sections 5 . Since we cannot exclude that some of the remaining 7 objects are blazars, we consider the total sample as an upper limit on the number of blazars. The CLASS survey covers 16 300 deg 2 of sky but we are now considering the complete sample that is defined for Galactic latitudes above 20 deg (see Section 2) corresponding to a sky area of 13 120 deg 2 (= 4 steradians) i.e. 1/3 of the total sky area.
In order to compute the space density of high-z blazars we use the method described, for instance, by Avni & Bahcall (1980) : for each object with redshift between z 1 and z 2 we compute the volume of the Universe within which it could have been discovered as:
where A is the sky area (in steradians) covered by the survey and V max is the co-moving volume of Universe between z 1 and min(z 2 , z Table 1 and Table 2 ). Arrows indicate upper limits on α 1.4 0.15 (i.e. sources not detected in the TGSS at 150 MHz). The boxes mark the objects already confirmed as blazars in the literature while the red open circles mark the sources (GB6J090631+693027, GB6J160608+312504) classified as peaked radio spectrum by Coppejans et al. (2017) . The continuous line is the 1:1 relation while the light-blue shaded area indicates the expected spread (90% confidence level) due to variability (see text for details).
equal to the radio/optical flux limit of the survey. The reason for taking the minimum of the 3 values of redshift is that the V max must be computed on the most stringent among the radio/optical constraints. If both values are larger than z 2 then the V max is simply the co-moving volume of Universe between z 1 and z 2 .
The space density then is:
with an error that is given by:
where N is the observed number of blazars in the given redshift bin and err is the Poissonian uncertainty on N.
Using this method 6 , we compute a space density of blazars at redshift between 4 and 5.5 and with radio powers at 5 GHz between 10 27 and 1.3×10 28 W Hz −1 of ρ blaz =0.13 +0.05 −0.03 Gpc −3 . Considering all the objects of the sample the density is ρ all =0.17 +0.05 −0.04 Gpc −3 . This is the first actual estimate of the blazar space density in this range of redshift.
As explained in the previous sections, there are two potential sources of incompleteness, one related to the lack of spectroscopic confirmation of two high-z candidates (see Section 3) and one due 6 for the k-corrections we have assumed an optical spectral index of 0.44 (Vanden Berk et al. 2001 ) and we used the radio spectral index computed between 150 MHz and 1.4GHz. We note that the assumption on the optical spectral index has a very little impact on the final results since we are considering a very limited rest-frame wavelength range. A variation of the optical spectral index of ±0.5 only produces a variation smaller than ±0.04 dex on the computed space densities to variability (see Section 4.1). In particular, one of the two candidates still unclassified (GB6J064057+671228) is potentially interesting since it has a flat radio spectrum (including the flux density at 150 MHz) and it is an r-dropout source i.e. likely at z>4.5. The other one (GB6J061110+721814), instead, is a g-dropout (i.e. with redshift between 3.5 and 4.5) and with a possibly peaked radio spectrum. If we take these objects as true high-z sources, and if we consider also the possible fraction of missing objects due to variability, we obtain marginally higher space densities (ρ blaz =0.15 Gpc −3 and ρ all =0.19 Gpc −3 ).
DISCUSSION
It is now interesting to compare the space densities computed in the previous section with the predictions based on the radio selected sample of FSRQ recently published by Mao et al. (2017) (hereafter M17). The sample is based on the combination of FIRST and GB6 surveys and it has a relatively high radio flux limit (220 mJy) and covers 9500 deg 2 of sky. Given the large flux limit, this sample mostly contains objects with redshift below 4, with only one source at redshift above 4 (GB6J102623+254255, z=5.28). Based on these data, M17 have found that the best parametrization for the cosmological evolution of FSRQ is a luminosity-dependent density evolution (LDDE) where the space density of FSRQ peaks at a redshift that depends on the luminosity of the object, being higher for the objects with higher radio luminosities. The radio luminosity function, instead, is well represented by a double power law function. We used the analytical form presented in M17 to derive the expected space density as a function of redshift of the FSRQ in the same luminosity range of the high-z objects in CLASS. Since M17 defined their sample at 1.4 GHz we compute the range of radio luminosities of CLASS high-z objects at this frequency (Log L 1.4 GHz =P 1.4GHz × ν 1.4GHz =43.04-44.43 erg s −1 ). We then integrated the radio luminosity function of M17 in this range of luminosities using the best-fit LDDE evolution. The result is reported in Fig. 8 together with the densities computed using the CLASS complete sample in two bins of redshifts. We also added the upper limit between z=5.5 and z=6 based on the fact that the none of the candidates in this range of redshift (i.e. the objects with a dropout in the i-band) turned out to be true high-z objects.
The CLASS data points follow the predictions of M17 that are based on sources with redshift much lower than the ones of the CLASS objects. Even considering the missing identification in CLASS (GB6J064057+671228), which could be a z>4.5 blazar, the densities computed with the CLASS sample are still consistent with the predictions of M17.
According to this modelization, the peak of the space density, in this luminosity bin, is at z∼2, a value similar to that found for the radio-quiet QSO (e.g. Hopkins, Richards & Hernquist 2006) . This is significantly different from the evolution estimated by Ajello et al. (2009) using an X-ray selected sample of blazars derived from the Swift-BAT survey that shows a peak at much higher redshifts z∼4 (Ajello et al. 2009 ). The difference cannot be ascribed to a different redshift sensitivity of the two samples since the redshift interval of the objects used by Ajello et al. (2009) is similar to that of the FSRQ considered by M17.
To further evaluate the position of the peak in the space density distribution in this range of radio luminosity, we have considered the QSO in CLASS with a redshift of ∼3. At this redshift all the QSO with a radio luminosity in the considered range, have a flux density above the limit of 30 mJy and, therefore, they are expected Figure 7 . Radio spectra (observed frame) of the 7 high-z from CLASS detected in the GLEAM survey to be included in the sample. We consider the sky area covered by the SDSS to maximize the number of identifications. In this area (∼28% of the total sky) the number of QSO in CLASS with z between 3 and 3.2 and a (log) radio luminosity at 1.4 GHz between 43.04 and 44.43 erg s −1 is 38 corresponding to a space density of 1.4 Gpc −3 . This is a lower limit since the identification level of CLASS, even considering the area covered by SDSS, is relatively low (∼15%). However, we expect that most of the QSO in this redshift range have been already identified, at least down to the magnitude limit of SDSS, thanks to the dedicated searches carried out in the past using the dropout method (in this case, the dropout falls in the u-band, Fan et al. 1999) . In any case, the lower limit (see Fig. 8 ) is clearly much higher than the 2 points at z>4 thus excluding the hypothesis of a peak at z∼4.
The observed discrepancy between the results based on radio selected samples and those from the BAT survey needs to be investigated. In the context of a luminosity-dependent density evolution, the observed differences could be explained if the blazars selected by BAT were systematically more luminous (in the radio band) than those selected by M17 or in the CLASS survey. Indeed, about 80% of the blazars in the BAT sample with z>2 (i.e. those that allow to constrain the peak of the evolution) have a radio luminosity above 10 44 erg s −1 while only 14% of the CLASS high-z objects in the complete sample have a radio luminosity in this range. It is thus possible that the space density of blazars with the highest radio luminosities, above the range observed in CLASS, peaks at larger redshift than observed at lower luminosities. If confirmed, this would imply that only the most luminous radio-loud QSO have a cosmological evolution that peaks at very high redshifts (∼4) the majority having an evolutionary behaviour very similar to that observed in radio-quiet QSO, peaking at z∼2.
Another possibility is that radio and X-ray selections are sampling different classes of objects having different cosmological behaviours. This is not unusual within the blazar family: BL Lac objects are known to show significantly different cosmological evolution depending on the selection band, being weakly positive in radio selections (Stickel et al. 1991; Marcha & Caccianiga 2013 ), negative in X-ray selections (e.g. Morris et al. 1991; Rector et al. 2000 ; Figure 8 . Space density versus redshift of the blazar candidates in CLASS considering all the 21 objects in the complete sample (black point) or just those with a flat radio spectrum in a wide range of frequencies (14 objects, red points). The blue solid line represents the expected densities computed by integrating the best fit radio luminosity function of M17 in the same range of radio luminosities (at 1.4 GHz) observed in the CLASS high-z sample and using the LDDE cosmological evolution found by M17 (clean sample). The shaded area indicates the range of redshift actually sampled by the FSRQ studied by M17 in the indicated range of radio luminosity. The magenta arrow represents the lower limit on the space density derived from CLASS at z∼3 (see text for details). Beckmann et al. 2003) and showing little or no evolution when mixed (radio plus X-rays) selections are used (e.g. Caccianiga et al. 2002) . One of the discussed possibilities is that the two selections are sampling different sub-populations of BL Lacs (the so-called High-Energy peaked BL Lac and Low-Energy peaked BL Lac) that evolve in a different way with cosmic time. A similar difference could be present also among the class of FSRQ: in this case, X-rays (BAT) and radio surveys may be sampling different sub-populations of FSRQ having different X-ray-to-radio luminosity ratios and different cosmological evolutions. A systematic study of the X-ray properties of all the high-z CLASS objects is in progress in order to establish the difference/similarities between this sample and the blazars selected in the X-rays at lower redshifts (see. Ighina et al. 2018 for first results of this analysis).
SUMMARY AND CONCLUSIONS
We have presented a well-defined, radio flux limited sample of 26 high-z (>4) blazar candidates selected from CLASS, which is a survey of flat-spectrum radio sources (between 1.4 and 5 GHz). In particular, twenty-one objects constitute a statistically complete sample down to a magnitude of 21, thanks to dedicated spectroscopic follow-ups at LBT and TNG. Notably, these observations have provided 2 new z 5 objects that represent a significant increase of the number of blazars above z=5 currently known (4 objects found to date).
By studying the radio spectrum over a wide range of frequencies (from 150 MHz to 8.4 GHz, corresponding to ∼0.85-46 GHz in the rest-frame of the sources) we found that more than half (∼18 sources) of the CLASS objects are genuine flat-spectrum sources, the remaining fraction being likely represented by GPS-like objects. Considering the complete sample, the number of truly flat spectrum sources is 14. We cannot exclude, however, that some of the objects with a GPS-like radio spectrum could be blazars. High resolution radio data (VLBI) and/or variability studies are needed in order to establish their blazar/non-blazar nature on a firm basis. We have an approved program at the European VLBI Network (EVN) to carry out a complete follow up at 5 GHz all the high-z sources in CLASS.
We then used the complete sample to compute the space density of blazars at redshift between 4 and 5.5. We found a value of 0.13 +0.05 −0.03 Gpc −3 , considering only the confirmed blazars, and 0.17 +0.05 −0.04 Gpc −3 , using the entire sample. Accounting for the possible incompleteness, the values of densities become ρ blaz =0.15 Gpc −3 and ρ all =0.19 Gpc −3 , respectively. This is the first estimate (not a lower limit or an extrapolation) of the space density of blazars in this redshift interval.
The resulting space densities are in good agreement with the predictions recently presented by M17 using a sample of FSRQ with z<4. According to these authors, the evolution of FSRQ of these luminosities should peak at a redshift ∼2, which is similar to what is observed in radio-quiet QSO but significantly different from what has been found by Ajello et al. (2009) using an X-ray selected sample of blazars. The origin of this difference is not clear and it may suggest that only the most luminous radio-loud QSO present a peak of the space density at very high redshift, while the bulk of the population has a cosmological evolution more similar to radio-quiet QSO.
